The elimination of the additional defect healing post-treatment step in asymmetric hollow fiber manufacturing would result in a significant reduction in membrane production cost. However, obtaining integrally skinned polymeric asymmetric hollow fiber membranes with an ultrathin and defect-free selective layer is quite challenging. In this study, P84 ® asymmetric hollow fiber membranes with a highly thin (~56 nm) defect-free skin were successfully fabricated by fine tuning the dope composition and spinning parameters using volatile additive (tetrahydrofuran, THF) as key parameters. An extensive experimental and theoretical study of the influence of volatile THF addition on the solubility parameter of the N-methylpyrrolidone/THF solvent mixture was performed. Although THF itself is not a solvent for P84 ® , in a mixture with a good solvent for the polymer, like N-Methyl-2-pyrrolidone (NMP), it can be dissolved at high THF concentrations (NMP/THF ratio > 0.52). The as-spun fibers had a reproducible ideal CO 2 /N 2 selectivity of 40, and a CO 2 permeance of 23 GPU at 35 • C. The fiber production can be scaled-up with retention of the selectivity.
Introduction
In order to assess gas separation at large scale, membrane products need to be highly productive. For this reason, there are two features that commercial membranes generally meet. First, the membranes are asymmetric with a dense and thin (100-200 nm) top layer supported by a thicker porous sublayer. The actual membrane is the top layer whose thickness controls the productivity of the membrane. Second, most commercial membranes are processed in the form of a fiber (<500 µm) with a hollow interior, because hollow fibers can be densely packed at over 10,000 m 2 membrane active area in 1 m 3 module volume [1] [2] [3] , ten times more than for flat sheet membranes in plate and frame packaging.
The manufacture of asymmetric hollow fiber gas separation membranes follows a dry jet spinning and consecutive wet quench process [3] [4] [5] [6] [7] [8] . The fabrication of hollow fibers with an ultrathin and defect-free dense selective layer is essential, since permeance and selectivity of the membrane will be determined by the quality of the selective layer. However, the thinner the selective layer is, the greater the probability for the creation of defects [9] [10] [11] . Therefore, obtaining ultrathin and defect-free
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Materials
P84 ® (BTDA-TDI/MDI) co-polyimide was supplied by HP Polymer GmbH. Anhydrous N-methylpyrrolidone (NMP, 99.5% purity) and tetrahydrofuran (THF, 99.5% purity) were purchased from Sigma-Aldrich (Madrid, Spain). Anhydrous ethanol (EtOH, ≥99.8% purity) was purchased from Prolabo. Hexane and methanol were purchased from Fisher Scientific (Madrid, Spain). All materials were used without further purification.
Solubility Parameter Calculation
The solubility parameter expresses the nature and magnitude of interaction forces working between polymers and solvents. The group contribution method was used to calculate the overall value of the solubility parameter [39] :
where δ d , δ p and δ h are the dispersive, polar and hydrogen bonding solubility parameters, respectively. The solubility parameter components may be calculated by the Hoftyzer and Van Krevelen method [40] , using the following equations:
where F d is the dispersion component of the molar attraction constant, F p the polar component, E h the contribution of hydrogen bonding forces to the cohesive energy and V the molar volume. The solubility of a polymer in an organic liquid can be determined by the total solubility parameter difference between polymer and solvent, i.e., the smaller the difference in the solubility parameter, the better the compatibility. It is calculated by the following equation, where each component of the Hansen solubility parameter of pure components (polymer, P and solvent, S) is taken into consideration:
Ternary Phase Diagram Determination
Ternary phase diagrams were determined via the cloud point technique at room temperature. Dopes containing different non-solvent (ethanol) concentrations were prepared for different polymer concentrations ranging from 15 to 30 wt%. The cloud point was assigned to the non-solvent concentration where the dope changes from one phase into two phases, i.e., when the solution become turbid for more than 5 min. The binodal line is formed joining the cloud points of different polymer concentrations. Ternary diagrams for two polymer/solvent/non-solvent systems (P84 ® /NMP/EtOH and P84 ® /NMP+THF/EtOH) were determined and the influence of the incorporation of THF was studied. Ternary diagrams for different NMP/THF ratios were determined. The mixture of NMP and THF is considered as an "effective solvent" to draw the ternary diagram.
Preparation of P84 ® Hollow Fiber Membranes
The fabrication of P84 ® hollow fiber membranes was based on a process of dry jet spinning followed by a wet quench [3] [4] [5] [6] [7] [8] . The hollow fibers preparation procedure has been described in detail elsewhere [41] . A spinneret with the following dimensions was used: 630 µm inner diameter and 1200 µm outer diameter. After spinning, the fibers were solvent exchanged in a methanol bath for 30 min (3 times) followed by a hexane bath for 30 min (3 times) and dried at 70 • C overnight. Fibers were kept overnight in a vacuum oven at 100 • C to completely remove residual solvent.
Hollow Fiber Membrane Characterization
The surface and cross-section morphology of the hollow fiber membranes were characterized by scanning electron microscopy (SEM) (Quanta 250 ESEM, FEI, The Netherlands). Membrane samples were freeze-fractured after immersion in liquid nitrogen and subsequently coated with gold/palladium to analyse cross sections of the samples.
Hollow fiber membrane modules were prepared and tested using an experimental set-up, based on constant pressure technique [7] described in detail elsewhere [41] . Pure N 2 and CO 2 gas permeation experiments were carried out at a transmembrane pressure of 7 bar at 35 • C. Gas was fed from the lumen side of the fiber and permeate was collected from the shell side in a dead end, cross-flow configuration. The permeance for gas i was calculated by the following equation:
where P i is the gas permeance in gas permeation units (1 GPU = 10 −6 cm 3 (STP) cm −2 s −1 cmHg −1 ), F i is the volumetric flow rate of component i (cm 3 (STP)/s), ∆p i is the partial pressure difference of component i across the membrane (cmHg) and A is the effective membrane area (cm 2 ). The effective membrane area was calculated using the average value for fiber diameter taken from the measurement of 3 fibers at each end of the module and the active membrane length on the feed side. The ideal selectivity α ij was calculated as the ratio of the permeance of the more permeable compound i to the permeance of the less permeable compound j:
Results and Discussion
Polymer Dope Optimization
Optimization of polymer solution (dope) composition is a key to success for the formation of defect-free hollow fiber membranes. For this purpose, the dope usually has a complex composition as it contains polymer, solvents and additives (non-solvents) that are miscible with the solvent but not with the polymer. Regarding polymer concentration, one requirement to produce hollow fibers with minimum defects is a high polymer concentration in order to create significant chain entanglement during skin formation. Nevertheless, a too high polymer concentration is not desired because it creates a support layer with lower porosity and higher resistance to gas transport. Therefore, the optimum value is met when the dope has sufficient viscosity to allow extrusion of the polymer dope and take-up at a relevant speed without breaking (i.e., a spinnable dope). In a polymer solution, the viscosity increases slightly with polymer concentration, up to a point from where it begins to increase exponentially. This point is called the critical polymer concentration (c.p.c.) and the optimum polymer concentration in the dope is equal to or slightly above this point. The critical P84 ® concentration of 28 wt% was identified from the viscosity vs. polymer concentration curve for a P84 ® /NMP dope solution by Peng et al. [42] . A P84 ® concentration of 28 to 28.5 wt% was employed in our spinning experiments.
The other components of the dope and their concentration are important for a rapid formation of a defect-free outer skin layer during the nascent fiber's residence time in the air gap. In that sense, Xu et al. presented the qualitative dope composition trajectories in the ternary phase diagram during a dry-jet/wet-quench spinning process and concluded that potentially useful dope composition should be in the one-phase region and close to the binodal line [43] . By the use of a non-solvent the dope solution composition gets closer to the binodal boundary, facilitating a faster phase separation. Due to the strong non-solvent character of water titration of the spinning dope close to the binodal becomes difficult and therefore EtOH is commonly selected as non-solvent. Also, as presented in the introduction section, the evaporation of volatile components in the air gap causes an increase in polymer concentration in the outermost region of the fiber so a dense skin can be formed.
Solubility Parameter
The influence of THF in the solubility of P84 ® in the solvent mixture NMP/THF was studied both theoretically and experimentally. Solubility parameter has been widely used to predict the solubility of polymers in various solvents. The solubility parameter of P84 ® co-polyimide was calculated by the group contribution method using Equations (1) and (2) . The chemical structure of the polymer is shown in Figure 1 and the group contributions F di , F pi and E hi of the structural groups composing the co-polyimide are listed in Table 1 . An overall value of the solubility parameter of 27.46 MPa 1/2 was obtained for the P84 ® co-polyimide, in accordance with the value reported in literature for the same polymer [44] . Table 1 . Group contribution to P84 ® (BTDA-TDI/MDI) co-polyimide [40] .
Functional
Group Numbers F di (J 1/2 m 3/2 mol −1 ) The dispersive, polar and hydrogen bonding solubility parameter components, as well as the overall solubility parameter of components involved in the spinning dopes and phase inversion process, and the solubility parameter difference of P84 ® with the other components are presented in Table 2 . The solubility parameter difference of P84 ® with the other components involved in the spinning dope increases in the order NMP (5.69) < THF (12.1) < EtOH (13.83). Thermodynamic considerations led to the conclusion that the effects of δ d and δ p over the ∆δ P/S are similar, while the effect of δ h is of a different nature. Accordingly, the parameter δ v = (δ d + δ p ) 1/2 was introduced, leading to δ v versus δ h diagrams [40] . In such diagrams, the interaction between a polymer and a number of solvents is graphically shown, and the "solubility circle" associated with the polymer is determined. The solubility region of the polymer is delimited by the circle, which usually has a radius of about 5δ-units. As a general rule, any liquid lying within the circle is a true solvent for the polymer, while the ones lying outside will act as non-solvents. The δ v − δ h diagram of P84 ® is presented in Figure 2 , where solvent and non-solvent involved in the phase inversion process are included. NMP is situated within the theoretical "solubility circle" of P84 ® represented by a dashed line, and as consequence has been used as solvent for P84 ® membrane preparation in literature [32, 42] . On the contrary, THF is out of the circle and therefore this solvent itself is not an appropriate solvent for P84 ® . However, a polymer could be dissolved in a mixture of two non-solvents or a mixture of a solvent and a non-solvent if the solubility parameter of the mixture is situated inside the circle. Therefore, the solubility parameter of the NMP/THF solvent mixture was calculated for different NMP/THF ratios. The difference in the solubility parameter of P84 ® and the solvent mixture (∆δ P84 ® /Smix ) is presented as a function on NMP/THF ratio in Figure 3a ,b. As expected, ∆δ P84 ® /Smix decreases as NMP/THF ratio increases (THF content decreases), showing an exponential decrease up to a NMP/THF ratio of 14 (from 12.1 to 6.1 MPa 1/2 , for pure THF and NMP/THF ratio of 14, respectively). Then, ∆δ P84 ® /Smix continues decreasing more moderately up to 5.75 MPa 1/2 (NMP/THF ratio of 100).
To experimentally determine the amount of THF that could be added to the spinning solution before it becomes unstable, dopes at different NMP/THF ratios (0.2 to 5.5) were prepared, at a constant P84 ® concentration of 28.5 wt%. As shown in Figure 3c , P84 ® solution becomes unstable at a THF concentration of~47 wt%, which corresponds to a NMP/THF ratio of 0.52 (∆δ P84 ® /Smix value of 9.86 MPa 1/2 ). Therefore, a NMP/THF ratio of 0.52 was defined as the boundary region for P84 ® dissolution and it was represented by a continuous line as the experimental "solubility circle" in Figure 2 . In other words, P84 ® will solubilize in solvent mixtures with a NMP/THP ratio > 0.52. This demonstrated that even if THF itself is not an appropriate solvent for P84 ® , an NMP/THF mixture can be used to dissolve the polymer. The addition of THF weakens the solubilization capacity of the mixture. Nevertheless, a wide solubility window was identified for the NMP/THF solvent mixture, as reflected in green in Figure 3b . 
Ternary Phase Diagrams
Ternary phase diagrams for P84 ® /NMP/EtOH and P84 ® /NMP/THF/EtOH systems are presented in Figure 4 . For P84 ® /NMP dope solution~12 wt% ethanol is required to cause phase separation. As THF is incorporated in the system the binodal line is displaced closer to the polymer-solvent axis. For the P84 ® /NMP/THF dope solution with an NMP/THF ratio of 4, around 9 wt% of ethanol is required to cause phase separation. A further displacement of the binodal curve is observed as the THF concentration in the system increases,~8 wt% and~5 wt% ethanol is required to cause phase separation for a dope solution with an NMP/THF ratio of 2 and 1, respectively. This is in accordance with the solubility parameter study presented in Section 3.1. The dope solution becomes more unstable as the THF amount increases (∆δ P84 ® /Smix increases) and thus it can accommodate less non-solvent. 
P84 ® Hollow Fiber Spinning Process Optimization
Several spinning sessions were performed (D1-D5), the studied spinning parameter range, as well as separation performance of hollow fibers of each spinning sessions are presented in Table 3 . For each spinning session a dope composition was established, and the spinning conditions were varied in order to find the optimal combination of spinning parameters for achieving the best performance for gas permeation. As-spun fiber separation performance was evaluated. These results are compared with gas permeation through a 20 µm thick dense flat film of P84 ® at similar operational conditions (1.28 Barrer CO 2 ; 36.6 CO 2 /N 2 selectivity at 35 • C) [32] . Asymmetric membranes are defined to be "defect-free" if the ideal selectivity is greater than 80% of the intrinsic selectivity of dense films [45] . In the case of asymmetric P84 ® hollow fibers this value has been fixed at a CO 2 /N 2 selectivity of~29.3 at 35 • C. 
P84 ® /NMP/EtOH Systems
For the first two spinning sessions (D1 and D2), a simple solvent system similar to that reported by Barsema et al. [32] was employed. The same solvent (NMP) and P84 ® concentration was employed (28.5 wt%), but with the only difference of the incorporation of ethanol to the dope. Ethanol was added into the dopes to be close to the binodal line (7 wt% and 9 wt% of ethanol to D1 and D2, respectively). The high permeance and lack of selectivity of as-spun fibers (>780 GPU of CO 2 and 1 CO 2 /N 2 selectivity) denoted that highly defective fibers were obtained, even when the ethanol concentration was increased for D2 to be even closer to the binodal curve.
P84 ® /NMP/THF/EtOH Systems
The addition of THF to the spinning dope results on the obtention of less defective fibers. Figure 5 shows that an increase in ideal CO 2 /N 2 selectivity is observed by decreasing the NMP/THF ratio (THF content increases). Dope D3, with an NMP/THF ratio of 6, gives fibers with CO 2 permeances lower than 193 GPU and CO 2 /N 2 selectivity ranging from 3.28 to 21.4. A further increase in THF content in D4 (NMP/THF ratio of 2.4) promotes the formation of a tighter skin layer and therefore, less permeable fibers (CO 2 permeance < 35 GPU). However, the obtained selectivity value ranging from 15.2 to 17.4, almost half of the dense film selectivity value, denoted the presence of small defects in the selective layer of the fibers. The THF content was further increased to NMP/THF ratio of 1 for the D5 spinning session. Also, in order to accelerate phase separation LiNO 3 was introduced in the system [43] . For all prepared fibers, an ideal CO 2 /N 2 selectivity higher than 20 was obtained. Even more, a selectivity of 40.4 was obtained for one of the states, higher than the dense film selectivity values. This phenomenon has been reported before for 6FDA-based polymer spinning [46, 47] . It was hypothesized, that it was due to the uniaxial orientation of polymer chains resulting from the high shear rate in the spinneret. This results in a tighter packing of the polymer chains, leading to an increase in selectivity over the unaligned state of polymer chains of the dense film. This demonstrates that as-spun fibers with a small number of defects or even defect-free fibers can be obtained by fine tuning of the dope composition and spinning parameters. The performance of the four different fibers states obtained from dope D5 are analyzed in detail. Spinning conditions, separation performance and selective layer thickness of the four states of hollow fiber membranes are presented in Table 4 . The selective layer thickness was estimated from the intrinsic CO 2 permeability of the dense film and the permeance value of the asymmetric hollow fiber membrane. The influence of two spinning parameters was studied: The air gap height and the spinneret temperature. Table 4 . Spinning conditions and separation performance of the four states of hollow fiber membranes prepared from dope D5. Membrane performance for single gas permeation at 35 • C and 7 bar transmembrane pressure. The permeance data are average values of two modules of ten fibers each and error correspond to standard deviation. Selective layer thickness, CO 2 permeance and ideal CO 2 /N 2 selectivity as a function of the air gap for two spinneret temperatures (25 and 40 • C) are presented in Figure 6 . The selective layer thickness is increased by the increase of the air gap (from 2 to 10 cm) for both spinneret temperatures, from 56 to 262 nm and from 107 to 363 nm for a spinneret temperature of 25 and 40 • C, respectively. Correspondingly, a decrease in CO 2 permeance is observed by the increased air gap height. The dense selective layer is formed by the evaporation of the solvent in the air gap, mostly volatile THF. As the air gap height increases, the residence time of the fiber in the air gap increases, and hence, the evaporated solvent amount, increasing the polymer concentration at the outermost region of the fiber. Therefore, an increase in selective layer thickness and a decrease in gas permeance is expected by increasing the air gap. Figure 6 also shows that an increased selective layer thickness and a decreased CO 2 permeance is observed for the higher spinneret temperature. The increased spinneret temperature may induce a larger amount of evaporated solvent and therefore an increased selective layer thickness and hence a decreased CO 2 permeance.
SEM images of the cross-section of the overall fiber, fiber wall and the selective layer as well as the outer surface of hollow fiber states prepared at the lowest air gap and spinneret temperature (ST-1) and highest air gap and spinneret temperature (ST-4) are presented in Figure 7 . Both fibers present an outer diameter of~430 µm and a similar sponge-like substructure. The trend observed in the estimation of the selective layer thickness from the CO 2 permeance value (i.e., 56 nm for ST-1 and 363 nm for ST-4) is somehow confirmed by the SEM images, showing a thicker selective layer of~500 nm for the latter. The selective layer thickness measured by SEM is higher than the one given by CO 2 permeance due to bending of the outer layer produced during the freeze-fracturing of the sample in liquid nitrogen. Although a cleaner cut could improve the estimation of the selective layer thickness by SEM, in most cases would not be easy to identify the borderline between selective layer/transition layer/porous support. In addition, SEM analysis is local and did not give an average. Although the calculation of selective layer thickness from CO 2 permeance value is also a simple estimation-it does not consider substrate resistance to the overall membrane resistance-it is useful for evaluating if the produced fibers have the thinnest achievable selective layer (i.e.,~100 nm) or if there is still room for optimization. On the other hand, Figure 6c shows that the threshold selectivity value to consider P84 ® fibers as defect-free (CO 2 /N 2~2 9.3) is attained only for the lowest air gap height of 2 cm for both spinneret temperatures. This result is in contradiction with the expected increase in selectivity with the increase in solvent evaporation rate at larger air gaps. We speculate that, during the residence time of the spun fiber in the air gap, an early phase separation on the outer surface of the fiber could be induced by water absorption from the ambient humidity. This may cause formation of small defects in the outer dense selective layer. A short air gap helps to minimize the effect of the water vapor within the air gap, and therefore, the number of defects. Nevertheless, the obtained selectivity value of 20-25 for the maximum air gap of 10 cm suggests that the defects could be easily healed by the conventional silicone rubber coatings.
The highest permeability and ideal selectivity were obtained for fibers spun with the smallest air gap (2 cm) and lowest spinneret temperature (25 • C). An ultra-thin selective layer of~56 nm was obtained, almost ten times lower than the 500 nm thick selective layer obtained by Barsema et al. [32] . These hollow fiber membranes present an ideal CO 2 /N 2 selectivity of 40.4, and the highest permeance reported in literature for P84 ® hollow fibers, 23 GPU of CO 2 at 35 • C, against 2.2 GPU at 25 • C reported by Barsema et al.
A new spinning process has been performed at a larger scale (~5000 meters of fibers) using the optimal spinning parameters from D5, ST1 with the difference that we used a flow of dry N 2 in the air gap with the objective of eliminating humidity influence. Five modules containing 10 fibers each, taken at different production times have been characterized and the average value is provided in Table 5 . For comparison purposes, the hollow fiber performance for the reference spinning process is included. The ideal selectivity was reproduced for the scaled up fibers, while the CO 2 permeance was lowered. We assume there was a combination of factors that gave lower CO 2 permeance, like faster evaporation of solvent induced by forced N 2 flow in the air gap, or small variation in the other spinning parameters like room temperature (15 • C for spinning D5_ST1 versus 25 • C for up-scale D5_ST-1). SEM images of up-scaled fibers are presented in Figure 8 . Two fibers were subject to SEM analysis and several areas of the selective layer were checked. A selective layer thickness of around 200 nm could be estimated from the clearest cut of fiber 2 area B, slightly higher than the one estimated from CO 2 permeance value. Table 5 . Separation performance of hollow fiber membranes prepared from dope D5 and spinning conditions ST-1 in two spinning sessions (reference and scaled-up). Separation performance for single gas permeation at 35 • C and 7 bar transmembrane pressure.
Separation Performance
Unit D5_ST- 
Conclusions
Using volatile THF in combination with non-volatile NMP allows the fabrication of defect-free ultra-thin (~56 nm) P84 ® asymmetric hollow fiber membranes with no need for defect healing post treatment. The elimination of an additional defect healing post-treatment step would result in a significant reduction in membrane production cost. Solubility parameter study demonstrated that even while THF itself is not an appropriate solvent for P84 ® , an NMP/THF mixture could be used to dissolve the polymer as long as the NMP/THF ratio is kept above 0.52. Defect-free as-spun P84 ® hollow fiber membranes fibers can be obtained by fine tuning of the dope composition and spinning parameters. The best results were obtained for hollow fibers membranes spun from a spinning dope containing a NMP/THF ratio of 1 and the smallest air gap and spinneret temperature studied (2 cm and 25 • C), resulting in a CO 2 permeance improvement by a factor ten and an ideal CO 2 /N 2 selectivity of up to 40. The spinning process is reproducible at a larger scale (~5000 m fibers). 
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